Polyvinylidene fluoride (PVDF) based ferroelectric materials have been a focus of continuous research activities [1] [2] [3] [4] [5] since the discovery of piezo-, [6] [7] [8] pyro-, 9,10 and ferroelectricity [11] [12] [13] [14] in these fluorinated polymers. In particular, VDF oligomers, which contain a finite number (n) of VDF units, present a unique opportunity to not only fabricate highly ordered crystalline ultra-thin films, but also control their functional properties by varying the orientation and length of molecular chains. 15, 16 The finite-length VDF oligomers appear to be functionally equivalent to PVDF but display better crystallinity and improved ferroelectric properties. 17 Furthermore, oligomers are amenable to a wider range growth and fabrication methods including epitaxial growth.
14 Structurally, VDF oligomers have different possible terminal functional groups (Q ¼ CH 3 , CF 3 ; R ¼ OH, I, etc.) at the ends of the molecular chains: Q-[CH 2 -CF 2 ] n -R (Fig. 1) .
Investigation of static domain arrangement along with their dynamic and scaling behavior is critical both from a fundamental and technological viewpoints as many functional properties of ferroelectric materials are determined by interplay and transformation between equivalent energy (polarization) states. Yet, there are no studies of ferroelectric domains and their scaling in VDF oligomer films. In this article, using high-resolution vector piezoresponse force microscopy (vector-PFM), 18, 19 we have investigated ferroelectric domain structure in as-grown thin films of VDF oligomers fabricated by Langmuir-Blodgett (LB) deposition with the thickness ranging from approximately 4.4 nm up to 150 nm. It has been found that the molecular chains tend to preferentially align normal to the substrate as the increasing number of layers is being deposited in succession. PFM imaging shows that the as-grown VDF oligomer films are in ferroelectric b-phase with a predominantly in-plane polarization. Fractal analysis of irregular as-grown domain arrangement yields a Hausdorff dimension (D) in the range of 1.3-1.5, and average domain size scales according to the well-known Landau-Lifshitz-Kittel (LLK) scaling law. [20] [21] [22] The oligomer for the present study had the composition CF 3 -[CH 2 -CF 2 ] n -I, where n ¼ 17 6 2 was obtained from Kunshun Hisense and used as received. The oligomer powder was dissolved in dimethylsulfoxide (DMSO) to a concentration of 0.05% by weight and dispersed on the LB trough, compressed to a surface pressure of 5 mN/m and transferred by horizontal contact one layer (monolayer-ML) at a time to a highly doped silicon substrate. The deposition process is described in greater detail in Refs. 16 the oligomers are nearly perpendicular to the substrate, with the iodine toward the substrate, and form one monomolecular layer per transfer. 16, 24 No subsequent (thermal/mechanical/electrical) treatment was applied to the samples after the LB deposition process. A commercial atomic force microscope (Asylum MFP-3D) was used in this study to visualize the ferroelectric domain structure. Vector PFM imaging has been performed using an AC bias with amplitude of 1 V and frequency in the 200-500 kHz range. Conductive Cr/Aucoated (k ¼ 0.09 N/m, R 42 nm) cantilevers of a triangular shape 25 have been used to achieve effective deconvolution of orthogonally oriented (two in-plane and one out-of-plane) polarization components. The thickness (d) of the samples has been determined either by cross-section profile analysis of the topographic images (for relatively thin samples, d < 10 nm) or by using ellipsometry analysis (for relatively thicker samples, d > 15-20 nm). Figure 2 shows typical morphology of the VDF oligomer thin films with non-uniform substrate coverage. Cross-section analysis of 1-ML-thick film (Figs. 2(a) and 2(b)) yielded a film thickness of approximately 4.4 nm, which agrees well with the estimated VDF molecular chain length (n 18 times the intra-chain periodicity distance, or VDF unit size, of 2.56 Å (Refs. 26 and 27) ). This value also points out to the fact that the -C-C-chains in VDF films are aligned vertically on the Si substrate in agreement with our earlier infrared (IR) spectroscopic ellipsometry data 16 and are further supported by the X-ray diffraction measurements 28 (see Figs. S1-S3). The IR absorption spectra 28 ( Fig. S1 ) are also consistent with the b-phase of the VDF. Vertical alignment of the molecular chains in the oligomer films is in contrast to PVDF and PVDF-TrFE (TrFE: Trifluoroethylene) films prepared by LB 23 or spin-cast methods, 29 and even epitaxial VDF oligomer films prepared by vacuum thermal evaporation 14 or solvent casting, 17 where the -C-C-chains preferably align parallel to the substrate. Moreover, a small spread in the measured chain length (standard deviation ¼ 0.5 nm, inset Fig. 2(b) ) over a relatively large area (several lm 2 ) is well within the oligomer chain length (Dn ¼ 62) dispersion and besides could arise because of a small tilting of the -C-C-chains away from the substrate normal. In addition, stacking of the monolayers, 15 as a result of multiple LB transfers has been observed. 15, 16 This is highlighted by detection of distinct morphological steps with a height of approximately 4.4 nm in the 3-MLthick sample (Figs. 2(c) and 2(d) ). In thicker samples, the stacking of the layers is not perfect due to non-uniform coverage of the substrate, and in this case, ellipsometry measurements have been used to determine the average film thickness.
To obtain detailed information about spatial arrangement of polarization, both in-plane and out-of-plane polarization components have been detected using lateral and vertical PFM modes (LPFM and VPFM, respectively). (Figs. 3(a) and 3(b) ) with out-of-plane polarization component is a way for the system to reduce its free energy. For slightly thicker films (8 ML), the screening of the depolarizing field is more efficient and interaction with the substrate becomes a dominating factor resulting in a more uniform (Figs. 3(c) and 4(c) ) exhibit a nearly saturated signal in contrast to a rather low signal in VPFM amplitude images (the LPFM amplitude is about 10 times larger than the VPFM amplitude). Therefore, from these maps the following conclusion can be drawn: asgrown films are in a highly textured ferroelectric b-phase 28 (Figs. S1-S6, with details on AFM-tip induced switching in supplementary material Sec. III) with molecular chains oriented (nearly) normal to the substrate, exhibiting a predominantly in-plane polarization. In fact, a slight inclination of the -C-C-chains away from the substrate normal can explain a low VPFM response observed in Figs. 3(a) and 4(a) . In case of PFM imaging using a rectangular cantilever, an additional contribution to the observed VPFM response 28 (see Fig. S7 ) can arise from cantilever buckling 32, 33 as opposed to true outof-plane deflection.
To unambiguously map out all polarization components (two in-plane and one out-of-plane), a vector-PFM approach has been used. 19 Figures 5(a) and 5(b) show PFM images of the orthogonal in-plane polarization components. VPFM images (Figs. 5(c) and 5(d) ) show a nearly single-domain state for the out-of-plane polarization in contrast to the poly-domain state (with a high amplitude) for two in-plane components of the polarization (which suggests the existence of stable charged domain walls), in agreement with Figs. 3 and 4 . Note that the VPFM images remain the same before and after the 90 rotation of the sample. This indicates an effective deconvolution of the VPFM and LPFM images, which therefore, represent a true (free from artifacts) spatial distribution of polarization in the VDF oligomer films.
The average size of domains w with in-plane polarization increases with increasing film thickness d following the well-known LLK scaling law: w kd 1/2 (Fig. 6) , where k describes a balance between the domain wall and electrostatic energies. This is despite the fact that LLK law was proposed initially for ferromagnetic materials, [20] [21] [22] and later extended to ferroelectric materials (exhibiting the same scaling) [34] [35] [36] with out-of-plane polar axis. Geometrical aspects of profoundly irregular in-plane domains have been studied by performing fractal analysis on the static domain patterns. The fractal dimension D has been determined from the loglog plot of the domain perimeter P versus domain area S using the WSxM software. 37 A value of D in the 1.3-1.5 range has been obtained. The fractal dimension can be viewed as the degree of roughness of a boundary between two phases (with 1 corresponding to a smooth curve with a continuous derivative and 2 to a very rough surface filling curve). The observed fractal-like domains (meandering of domain walls) reflect a dominance of the disorder potential, 38 which modifies the local internal potential landscape and governs the formation of thermodynamically stable static domain patterns over the elasticity effects. The obtained value of D is comparable to that reported for nanostructures of PVDF-TrFE LB films 39, 40 and suggests a similar nature of the disorder potential, i.e., random-bond regime.
In summary, fractal-like domains in as-grown VDF oligomer films prepared by LB deposition were characterized by means of high-resolution vector PFM. It was shown that the -C-C-molecular chains of a finite length tended to align nearly normal to the film in stacks as the increasing number of layers is being deposited. The combined PFM and IR spectroscopic measurements showed that the films as thin as 4.4 nm were in the ferroelectric b-phase with a predominantly in-plane polarization. Landau-Lifshitz-Kittel domain scaling was observed for irregularly shaped ferroelectric domains having a fractal dimensionality 1.3-1.5 indicating a random-bond regime of the disorder potential. These findings will be useful for further studies of switching behavior of oligomer films and evaluation of their potential for electronic applications. 
